Testing of reactive materials for phosphorus removal from water and wastewater -comparative study. Excess of phosphorus in surface water is a global problem. Phosphorus found in rivers, streams, agricultural ditches and lakes comes from both point and diffuse sources. To keep water bodies in a good ecological status it is necessary to manage it a at local level. One of the possible solutions is to use reactive materials in wastewater treatment plants as well as in case of diffuse sources of pollution to implement it in water bodies transporting pollutants from small catchments. This paper presents results of research made over the period of 6 years (2008)(2009)(2010)(2011)(2012)(2013) in the Department of Environmental Improvement and Water Center WULS-SGGW. Seventeen different materials available in Poland and in other parts of the world were tested as potential reactive materials for phosphorus. The most effective P-sorption reactive materials are: Polonite ® , shell sand, AAC, Pollytag and limestone with the apparent sorption capacities of: 94.32, 48.39, 43.17, 28.95, and 11.12 mg/g respectively.
INTRODUCTION
The surplus of phosphorous (P) in natural or artificial water bodies such as rivers, streams, drainage ditches, lakes, small agricultural pounds and reservoirs is considered as a major cause of water quality deterioration, increasing alga bloom and eutrophication process which make the water unable to future agriculture, economic or recreational use. The eutrophication process endanger not only lakes and water reservoirs but also slow--moving streams, estuaries and the Baltic Sea (Rönnberg and Bonsdorff 2004) . Phosphorus in surface water originates from point sources, diffuse sources, atmospheric deposition and natural background sources (HELCOM 2006) . However, the major sources of P in surface water are untreated or inadequately treated wastewaters, run off from agriculture areas, improper storage or inappropriate terms and doses of natural and mineral fertilizers. In case of diffuse P sources, which are directly connected with agriculture land use, the majority of P losses can be controlled by minimizing erosion and best management practices. However, all these actions are unable to significantly reduce dissolved P losses (Penn et al. 2011) . The aim of Water Framework Directive is to achieved a good ecological status of surface water (e.g. rivers, lakes, transitional waters, and coastal waters) in the EU to the end of 2015 which is also connected with limiting P concentration in surface waters. Thus, it is important to implement an additional method for P reduction which can be based on implementation of reactive materials.
Reactive materials are referred as adsorbents or sorbents and specially interact with targeted chemical species such as phosphate ions (Cucarella and Renman 2009). The P-sorption capacity of reactive materials is closely related to the content of Ca, Fe and Al (Klimeski et al. 2012) . Physical properties, such as hydraulic conductivity, porosity, grain size distribution, may also significantly influence P sorption (Johansson 2006) .
Generally, P-sorption reactive materials may be divided into two groups, i.e. natural (e.g. apatite, bauxite, chalcedony, dolomite, gravel, granite, limestone, shell sand, shells, sands, serpentinite) and anthropogenic. Among the second group may be distinguished a man-made products (e.g. Filtra P, Filtralite P, LECA, LWA) invented especially to remove P from water and wastewater, and industrial by-products (e.g. different kinds of ashes and slags, bricks) which are generated during a large variety of activities in society (Johansson 2006) .
The first step to estimate P-sorption capacity of reactive material is to make laboratory experiments based on kinetic process. Thus, batch tests are often use method to estimate phosphorous-sorption capacity of reactive materials (Ádám et al. 2007a , Cucarella et al. 2007 , Dunne et al. 2008 , Hermann et al. 2012 , Chmielewska et al. 2013 . The most popular isotherms describe fitting experimental dates to empirical models that calculate sorption capacity are Langmuir and Freundlich (Vohla et al. 2011 ). P reactive materials may be used in constructed wetland system as an additional filter-step (Ádám et al. 2005 (Ádám et al. , Shilton et al. 2006 , in wastewater treatment (Ádám et al. 2007b) , treatment agricultural wastewater run-off (Sibrell et al. 2009 ), P-removal structure to treat surface water runoff (Penn et al. 2012) and drainage outflow (Penn et al. 2007) and as a filling of biogeochemical barrier to protect surface water against nutrient flow (Kirkkala et al. 2012 , Izydorczyk et al. 2013 .
The aim of the paper is to assess and compare P-sorption capacity of different filtration materials to be used for removal phosphorus from water and wastewater.
MATERIAL AND METHODS
Seventeen different materials were tested in years [2008] [2009] [2010] [2011] [2012] [2013] , shell sand (carbonatic material produced by shells, snails and coral alga), coral sand (also known as biogenic sand -sand of particles originating in tropical and sub-tropical marine environments from bioerosion of limestone skeletal material of marine organisms), black sand (found on beaches near a volcano, consists of tiny fragments of lava), and Philippine limestone (sedimentary rock, mostly contained of calcium carbonate). Those natural materials are available locally: shell has been brought from the Black Sea Side, Turkey; shell sand from the North Sea, Eggum, Norway; coral sand from Kadidiri, Gulf of Tomini, Indonesia; black sand from Parepare, Makassar Strait, Indonesia. Philippine limestone is commercially available in aquarium shops in Europe. The rest of natural materials are available globally. In the study were used: limestone (from coal mine in Bełchatów, consists mainly of calcium (69%) in form of CaCO 3 ), Polonite ® (manufactured from the bedrock opoka, marine sediment belonging to a group of silica-calcite sediments found in deep strata in the eastern parts of Europe; in natural form it consists mainly of calcium carbonate (CaCO 3 ), which decomposes to calcium oxide (CaO) while heated up to 900°C), granite (consists mainly of quartz, mica, and feldspar; main element are silicon (Si) 18-34%, al (Al) 4-8%, and iron (Fe) 2-13%), chalcedony (forms from watery silica gels at relatively low temperatures; can be found in weathering volcanic rocks and in sedimentary ones also) and serpentinite (metamorphic rock, consists predominantly of magnesium silicate and iron oxide minerals). Some of natural materials were also pretreated by heating in 900-1,000°C (shells, Philippine limestone and Polonite). Description of materials used in the study is presented in Table 1 .
Varying concentrations of the artificial P solution prepared from KH 2 PO 4 were used in the batch test for assessing Psorption capacity. 
where: q s -sorption, b F -heterogeneity factor, C s -solute concentration at equilibrium. a F -constant which express the adsorbent capacity (the larger value, the higher the capacity). The Langmuir isotherm describes adsorption on homogenous surfaces while Freundlich isotherm assumes surface which is heterogeneous.
RESULTS AND DISCUSSION
Sorption tests were performed for all tested materials to choose those potentially reactive for phosphorus. Initial P concentrations, P reduction and obtained sorption are set in The lowest sorption of phosphorus was observed for natural limestone, which was obtained from Bełchatów. However, its P-sorption capacity was quite high (Table 4 ), comparing natural limestones described by other researchers (Drizo et al. 1999 , Johansson 1999 , Zhou and Li 2001 . The most reactive for phosphorus were Polonite and AAC (Fig. 2) .
The highest P-sorption capacity (94.32 mg/g) was obtained for Polonite ® . This result is comparable with the data given by Brogowski and Renman (2004) or Cucarella et al. (2007) . The highest value of Freundlich constant a F also proved that. Based on the phosphorus--sorption capacity, tested reactive materials can be put in range as follows: Polonite ® > shell sand > AAC > Pollytag > > limestone (Table 4) . 
Limestone 2.00-4. To be used as a reactive material for P removal from water or wastewater reactive materials should be (1) effective, (2) available and (3) not expensive.
Polonite is a commercial product from opoka, activated for P sorption by thermal treatment. The efficiency of the material is very high, however mining and heating is energy-consuming process. The chemical composition of Polonite can vary due to quality of origin material (Bus and Karczmarczyk 2014), thus why sorption capacity should be tested for each lot. AAC is commonly use artificial construction material, so it is homogenous. Special interest should be put into using AAC from demolition process, which will make reactive material more sustainable. Both Polonite and AAC are available in Europe and can be trade to other countries.
Pollytag, which is also effective for P removal, is a commercial product made from fly ashes from thermal-electric Shell sand is natural carbonate material, which is available only in local scale. It was tested before by Roseth (2000) , S∅vik and Kl∅ve (2005) and Adam et al. (2007a) . The highest sorption obtained in cited research was as high as 17 mg/g (Roseth 2000), which is much less than in presented study. However, the conditions of experiments e.g. initial P concentration and contact time were also different. Concerning the availability, shell sand can be used as effective P sorbent where it is available.
CONCLUSIONS
High P-sorption capacity of selected reactive materials gives the potential of their applications in wastewater streams and small water bodies. They can be implement as a separate filters in onsite wastewater treatment plants or as a supporting layer in constructed wetlands, sand filters and infiltration systems. Reactive materials can be also use to mitigate phosphorus pollution from non-point sources in form of reactive barriers, box filters or suspended filters (patent application p.403571) located in small streams, ditches or small agricultural ponds.
Among the studied reactive materials Polonite is characterized by the highest sorption capacity (94.32 mg/g). Almost two times lower sorption capacity than Polonite have shell sand (48.39 mg/g) and AAC (43.17 mg/g), three times lower sorption capacity is characterized by Pollytag (28.95 mg/g) and almost eight times lower sorption capacity for limestone (11.12 mg/g). Some of potential P-sorption materials such as white and red brick, LECA, shells, chalcedony and serpentinite have been non-reactive with phosphorous.
Most of tested materials are available globally, some of them only in local scale. From that group shell sand is promising medium to be used e.g. in Norway; coral sand, black volcanic sand, and Philippine limestone (heated) can be used in East Asia.
